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STUDIES IN EXPERIMENTAL FROSTBITE
IV. THE RESPONSE OF THE SYMPATHETICALLY
DENERVATED EXTREMITY TO FREEZING*
ROBERT E. LEMPKE AND HARRIS B. SHUMACKER, JR.
The normal response of the body when exposed to cold is one of
vasoconstriction, which, according to Lewis,17 comprises three distinct
reactions. One is a local and persistent vasoconstriction which is due to
the direct effect of the low temperature on the blood vessels; the second
is a local reflex vasoconstriction mediated through the sympathetic
nervous system; the third is a generalized vasoconstrictor response con-
sequent to the effect of the cooled blood upon the hypothalamic vaso-
motor center. Though the arterioles and small arteries are primarily in-
volved, all components of the vascular tree are affected; even spasm of
the common iliac artery has been observed in frostbite of the foot.2
Coincident muscular weakness and inactivity of the chilled extremity
contribute further to the decrease in circulation. All of these reactions
undoubtedly tend to serve a useful function in aiding the conservation
of heat, but in exposure to cold of sufficient severity and duration, they
jeopardize the exposed part by contributing to tissue anoxia. An addi-
tional factor mitigating toward injury from anoxia is the failure of the
blood to partwith oxygen at low temperatures.16 Theprotective mechan-
isms of supercooling8 and of the response of the arteriovenous
anastomoses9 are ineffective in preventing freezing if the exposure is too
intense and of too long duration.
Becauseofthevasoconstrictor responsewhich isinevitably associated
with injury from cold, two important questions arise. The first concerns
the reaction of the sympathetically denervated limb to exposure to
freezing temperatures. Does the sympathetically denervated extremity
withstand such exposure better or worse than the normally innervated
extremity, or do the two react in the same manner? The second related
question concerns the influence of immediate sympathetic interruption
upon the course of events after freezingof a part. Does such a procedure
minimize or increase the likelihood of gangrene and other residual
difficulties? A search of the literature has failed to reveal an adequate
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answer to the first question and records rather conflicting opinions in
regard to the second.
The experiments reported were undertaken in an effort to discover
how a sympathectomized extremity reacts to cold of sufficient intensity
to produce frostbite and whether the end-results of frostbite in such an
extremity differ from those in a normal limb. It was hoped they might
also throw some light upon the influence of immediate sympathetic
interruption in the treatmentof severe frostbite.
Materials and methods
Young mongrel dogs were used. Upon each a left lumbar sympathetic
ganglionectomy was carried out through an anterolateral, muscle-splitting, retro-
peritoneal approach. The extent of the operative denervation was verified by
postmortem examination in every case and is recorded in Table 1. Eight or more
days after sympathectomy, under light intravenous pentothal sodium anesthesia,
both hind feet of each animal were carefully depilated by shearing and by the
application of a commercial barium sulfide cream depilatory. The volume of each
foot was determined by measuring the amount of water it displaced from a
graduated glass cylinder when immersed to the hock. The waterline on the skin
was drawn in indelible ink, for reference in future determinations. This method
gave readings reproducible within 1 to 2 cc. Following a delay of at least one day
both feet were exposed to a freezing mixttire. The temperature of the ventral
surface of the feet just proximal to the base of the digits was measured with a
thermocouple before the exposure. If skin irritation had been produced by depila-
tion the experiment was deferred until healing had occurred.
The cold injury was inflicted under light intravenous pentothal anesthesia by
simultaneous immersion of both dry hind feet up to the hock in an ether bath
cooled with solid carbon dioxide to either -15°C. or -30°C. Care was taken to
avoid constricting the limbs. In addition to the duration of the exposure, the
time from the appearance of complete solidification of the skin to the removal
of the foot from the freezing mixture was noted. It had previously been found
that more consistent results could be produced by a constant period of actual
freezing than by a uniform period of exposure, due to the elimination of indi-
vidual differences in resistance to freezing. In these experiments the feet actually
froze instantaneously at a temperature of -30°C. At the termination of freezing
the animal was placed supine on a cradle at room temperature with all four feet
equally elevated and free from constriction. Measurements of foot volume and
temperature and of the room temperature were made at frequent intervals after
thawing was complete. Following the initial period of close study and between
subsequent observations, bulky, non-constricting gauze dressings were applied to
both hind feet and the dog was returned to his cage. In those instances where a
break in the skin appeared, 5 per cent sulfathiazole ointment was added to the
dressings. The animals were followed until gangrene developed or the skin
temperature and the volume of the feet approached the values obtained before
freezing. Since the two hind feet of each animal were treated identically, the
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right foot served as a control for the sympathectomized left one.
Those dogs which recovered without the loss of limb were tested for cold
sensitivity. On a cold day, after receiving a sedative dose of morphine sulfate
intramuscularly (5 mg./kg.), they were tied on a cradle in the manner described
above and placed outdoors. Skin temperatures of all four feet were taken at
frequent intervals until they appeared to be stabilized. One normal dog which
had not been frostbitten or sympathectomized was similarly observed as a control.
Results
During exposure at -15'C. the skin froze first, becoming hard and
opaque initially over the toes and bony prominences, with centripetal
progression to a point slightly proximal to the upper level of immersion.
The distal deepertissues also froze before the proximal areas as indicated
by rigidity of the toes shortly before the hock became stiff. In those feet
exposed at -30°C., on the other hand, solidification of the entire foot
apparently occurred instantaneously. At the end of exposure all the
extremities were stony hard except for the left foot of Dog 1, which
showed only patchy freezing of the skin. Except in the case of Dog 6
thawing proceeded in the reverse order of freezing, starting at the upper
limit of the frozen tissue and progressing distally. Thawing was closely
followed by the appearance of reactive hyperemia and edema. The hock
was usually warm and enormously distended by the time the toes and
plantar skin had thawed. When fully developed the edema spread the
toes widely and extended above the hock into the leg. Occasionally
vesicles were seen on the webs between the toes. There was always, how-
ever, a transudation of straw-colored or bloody fluid through the appar-
ently intact skin; this transudate clotted.
The results are recorded in Table 1. Three dogs (1, 2, and 3) were
frozen at -15°C. The right foot of Dog 1 froze in 7 minutes and was
exposed for an additional 10 minutes, at the end of which time the left
foot showed only patchy solidification over the bony prominences. Both
were completely thawed in 3 minutes. The right foot of Dog 2 froze in
50 and the left in 55 minutes; they were both exposed for a total of 65
minutes. The right foot was thus in contact with the freezing mixture
for 15 and the left for 10 minutes after solidification. The sympathec-
tomized left foot thawed in 8 minutes as compared with 23 minutes
for the normal rightfoot. Themaximal increase in volumedue to edema
occurred in both hind feet of each animal in about 3 hours; the left foot
of Dog 2 exhibited a slight secondary increase a day later. The increase
in volume was approximately 50 per cent greater in the right foot than
403YALE JOURNAL OF BIOLOGY AND MEDICINE
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4)EXPERIMENTAL FROSTBITE
in the sympathectomized left foot in both instances. In these animals no
striking difference was noted in the temperature of the two hind feet
after freezing. No gangrene developed (Fig. 1).
FIG. 1. Chart showing the changes in skin temperature and foot volume of the hind feet of Dog 2
after exposure for 65 minutes to a temperature of -15°C. No gangrene developed in either foot.
In the case of Dog 3 the right foot froze in 80, while the sympa-
thectomized left foot froze in 50 minutes. The left extremity was kept in
contact with the freezing mixture until the right foot had solidified, a
total of 80 minutes of exposure for each. The normally innervated foot
thawed in 20 minutes, as compared with 90 minutes for the sympa-
thectomized left foot. After thawing both extremities accumulated ap-
proximately the same amount of edema fluid the first day but on the
third day after freezing the left foot was slightly more edematous than
wastherighthindextremity; thisrelationship wasmaintainedthereafter.
The normally innervated right foot became progressively warmer after
thawing, while the left hind extremity became cooler until between the
third and fourth hour after freezing, following which it warmed rapidly
t.D
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to nearly the same extent as the right foot. By the eighth day superficial
ulcerations appeared on the dorsum and toes of both feet, but while
theright footwentonto heal, two toesofthesympathetically denervated
left foot were lost by the twentieth day (Fig. 2).
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FIG. 2. Chart showing the changes in skin temperatures and foot volume of the hind feet of Dog 3
after exposure for 80 minutes to a temperature of -150C. The left foot was frozen for 30, the right for
less than 1 minute. Two toes were lost from the sympathetically denervated left foot; superficial ulceration
appeared on the normally innervated right foot.
Seven dogs were frozen at -300C., one each for 16 and 10 minutes,
2 for 6 minutes, and 3 for 5 minutes. The feet thawed in an average of
37.5 minutes. The time before thawing was complete averaged 34
minutes (range: 14 to 56 minutes) in the sympathectomized feet and
41 minutes (range: 14 to 59 minutes) in the controls. The former
thawed in less time than did the latter in 3, in the same time in 3, and in
a longer time in one. Maximal swelling occurred at an average time of
2.43 hours after the cessation of freezing in all feet. In all instances save
two the peak of edema formation occurred at the same time in the two
feet. In one instance the sympathectomized foot attained its maximal
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size an hour and a half before the other, and in another animal a second-
ary increase in edema occurred the day after frostbite in the normally
innervated foot. When at its peak the volume of the edematous footwas
the same on both sides, except for 2 instances in which it was slightly
less in the sympathectomized extremity. The average increase over the
initial volume was 110 per cent. The maximum rise in skin temperature
during the stage of "reactive hyperemia" occurred from 0.2 to 2.0 hours
(average: 1.07 hours) after freezing; the range was the same for both
sides, averaging 1.11 hours for the left and 1.04 hours for the right. It
must be pointed out that at its peak the skin temperature did not rise
above that of the room* in 3 dogs, both feet behaving similarly in this
respect. The elevation was marked only in Dog 6. The skin temperatures
during thefirst fewhours afterfreezingrangedfrom-5.4° to + 12.00C.
(average 0.58°C.) in reference to the temperature of the air. There
was no essential difference in the temperature response in the two ex-
*The room temperature in these cases ranged from 22.80 to 26.1' C.
FIG. 3. Chart showing the changes in skin temperature and foot volume of the hind feet of Dog 7
after exposure for 6 minutes to a temperature of -30'C. No gangrene developed in either foot.
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FIG. 4. Chart showing the changes in skin temperature and foot volume of the hind feet of Dog 4
after exposure for 16 minutes to a temperature of -30°C. Gangrene developed in both feet.
posed feet, with the exception of Dog 6 in which the normally inner-
vated foot became somewhat warmer than the sympathectomized foot.
Gangrene leading to spontaneous amputation up to the highest level of
freezing developed in 4 of the 9 sympathectomized limbs and in 5 of
the 9 normally innervated limbs. Superficial necrosis with loss of com-
parable small areas of skin occurred in 2 sympathectomized feet and in
one normally innervated foot. Figures 3 and 4 illustrate the course
of events in one animal in which no gangrene developed and in another
in whichbothfeetbecamegangrenous.
Dog 6 (Fig. 5) was the only animal in which there was a marked
increase in the skin temperature of the sympathectomized foot as com-
pared with the other before freezing; in this case it was 4.80 warmer
than the other hind foot in an atmospherictemperature of24.4°C. How-
ever, both feet froze solidly on contact with the freezing solution; both
were exposed for 6 minutes at -30°C. Within 2 minutes after removal
from the freezing mixture the left foot had started to thaw over the dor-
-
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FIG. 5. Chart showing the changes in skin temperature and foot volume of the hind feet of Dog 6
after exposure for 16 minutes to a temperature of -30°C. Gangrene developed in the normally innervated
right foot to the upper extent of freezing; only superficial ulcerations appeared on the sympathectomized
left foot.
sal veins and in another 2 minutes the toes were flexible and warm. In
contrast to what was usually observed, the hock did not thaw until 3
minutes after the toes. Eighteen minutes after the cessation of freezing
the entire foot was warm. At this time the hock of the right leg had
thawed and thawing proceeded distally becoming complete in 59 min-
utes. The height of edema formation occurred in both feet 2.75 hours
after freezing, when they were each increased 170 per cent over the
initial volume. The next day the right foot exhibited a secondary in-
crease to 186 per cent and remained somewhat more edematous than
the left for five days. The skin temperature rise after freezing was
approximately the same in both feet, but the right subsequently cooled
more rapidly than did the left. Twenty-four hours later the temperatures
of both feet were about the same but during the following days the
right foot became blue, progressively colder, and gangrene was fully de-
veloped on the seventh day. Spontaneous amputation occurred on the
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twelfth day. The left foot meanwhile had maintained its temperature,
lost its edema, and developed only superficial ulcerations below both
malleoli.
Four dogs that survived without loss of limb were tested for ab-
normal sensitivity to cold from 4 to 9 weeks after frostbite by exposing
them to temperatures of from 3.5° to 10.5'C. forone or two hours. One
normal dog which had not been subjected to operation or freezing
was studied under similar conditions and as a control. The skin of the
fore feet was always initially warmer than that of the hind feet and re-
mained so during the course of the exposure, except in one instance in
which the sympathectomized left foot cooled less than the fore feet.
The left sympathetically denervated hind foot always remained
warmer than the normally innervated right foot. The rates of cooling
of the feet in any one animal closely paralleled each other, the tem-
perature of the skin decreasing along a roughly logarithmic curve. The
curves obtained from the several animals showed an inconstant and
variable initial plateau, an interval of as much as 30 minutes in which
the skin temperature was maintained at its original level. The feet of
the dogs which did not show this plateau did not become colder than
those of the animals showing the plateau. In only one animal, the fore
feet remained warm 30 minutes while the hind feet started to cool
off immediately. However, at the end of the period of observation the
hind feet had notcooled excessively and the fore feetwere nearly as cold.
Discussion
The value of sympathectomy in the treatment of peripheral vascular
disorders is well established and the procedure is being employed more
frequently with the passage of time. It is, therefore, important that the
reactions of the sympathectomized extremity be well understood. Our
knowledge of the response of such a limb to low environmental tem-
peratures, especially to temperatures low enough to produce frostbite,
is deficient.
Hyndman andWolkin"2 have studied theresponse tocold ofpatients
without peripheral vascular disease following a unilateral sympathec-
tomy. Attemperatures from zero to 5'C. the sympathetically denervated
skin remained warm longer and did notbecome ascold as corresponding
normallyinnervated areas,confirming the bettermaintenance ofwarmth
of the sympathectomized part upon exposure to cold, an occurrence
readily demonstrable in almost all patients who have been treated by
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sympathectomy. These investigators made the observation that their
patients did not have a subjective sense of annoying coldness of the
sympathectomized extremity when cooled by body exposure to a tem-
perature at which a distressing sense of cold was felt in the normally in-
nervated foot or hand. Furthermore,11 the sympathectomized limb could
be immersed in ice water for a longer period than the normal contra-
lateral extremity before it had to be withdrawn because of subjective
coldness and aching.
Our knowledge of the response of a sympathetically paralyzed ex-
tremity to cold severe enough to produce gangrene is less extensive. The
protocols of some of the experiments performed by Lake'3 show that,
in the rabbit, perifemoral block, internal and external popliteal nerve
block, and spinal anesthesia decrease the amount of edema developing
after subsequent exposure to temperatures of approximately -150C. In
human volunteers he found that field block with a local anesthetic and
adrenalin prevented or greatly reduced the blistering of the skin and the
necrosis which developed in equally exposed untreated areas. However,
he did not state whether the exposure was of sufficient duration to pro-
duce solidification of the skin in all instances. Lake concluded that actual
tissue destruction was due to the direct effect of cold below the tem-
perature of-6°C. and that it could not be entirely prevented by altering
the nerve or blood supply to the part involved. Granted that all damage
was not prevented, as evidenced by development of some edema and
vesicles in the denervated areas, the fact that gangrene was averted in
some cases should not be overlooked, especially in view of the fact that
the sympathetic interruption produced was probably incomplete.
On the basis of what we know about the prevention of cold injuries,
both from clinical experience and experimental work,, 21, it could be
anticipated that sympathectomy would afford some protection against
frostbite. The sympathectomized limb has an increased blood flow due
to the elimination of reflex vasoconstriction, and it is anhidrotic. Both
factors tend to maintain the temperature of the limb, one by supplying
more heat to it and theother by inhibiting heat loss. Perspiration, besides
increasing temperature dissipation by means of the heat of vaporization,
contributes further in this process by virtue of the fact that water is over
20 times moreefficient than dry air as aconductor of heatfrom the body.
Also, wetness of the skin interferes with the protective phenomenon of
supercooling."8
All of these observations would thus lead one to think that sympa-
thectomy might offer some protection against the cold injuries. The de-
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creased subjective appreciation of cold in a sympathectomized extremity
might be considered, on the other hand, a factor which would mitigate
toward an increased hazard of frostbite. Since frostbite occurs only when
a part is frozen, and since annoying coldness and aching are appreciated
before the temperature of the skin of a sympathetically denervated limb
reaches such low levels, this consideration appears to be of no practical
significance.
The results of our study of the three dogs exposed at -150C. were
variable in certain respects. In one the sympathectomized foot began to
freeze 5 minutes after the process had begun in the normally innervated
foot. In another the normal foot froze rapidly while the other was only
partially frozen at the end ofthe exposure. In both instances subsequent
edema was less in the sympathetically denervated foot. In the third dog,
in contrast, the sympathectomized foot began to solidify half an hour
before the other. The resulting damage from exposure for one hour and
20 minutes, during which the sympathectomized foot was frozen for 30
minutes and the normal foot for less than a minute, was gangrene of
two toes in the former and superficial ulceration in the latter. Edema
was equal in the two limbs. With the more severe exposure at -300C
the time of freezing was essentially the same in both feet. From these
experiments it can be concluded that sympathectomy does not increase
the susceptibility of an extremity to frostbite.
As to the end results observed in the sympathectomized feet after
frostbite, statistical analysis shows that they were not significantly differ-
ent from those obtained in the normally innervated feet. It is of interest,
however, that the denervated feet did not have a less favorable outcome
than the controls, and adefinitely better one in the case of one dog. The
results in this one instance suggest that a more marked difference be-
tween the results observed in the two feet might be obtained in a
species, such as man, in which agreater vasomotor lability obtains. That
Dog 6 had a higher than average vasomotor tonus was demonstrated
by the coolness of all feet save the sympathectomized one at room tem-
perature (26.1°C.) before freezing. No other dog showed this tendency
to vasoconstriction. The fact that the sympathetically denervated foot
survived while the normal foot became gangrenous after an equal period
of freezing allows one to speculate upon the importance of the central
vasoconstrictor reflexes andoftheir elimination as atherapeutic measure.
Numerous authors10 23 have stated that sympathectomy is contra-
indicated in the immediate therapy of frostbite on the grounds that, by
increasing the circulation through the injured part, edema formation
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will be augmented and the tissue temperature elevated, thereby increas-
ing tissue metabolism beyond the capacity of the vascular system to sup-
port it. They maintain that the edema causes gangrene by producing
stasis and consequently anoxia. Others feel that the manifestations of
frostbite are due to direct cold injury to ischemic tissue and the subse-
quentobliteration of thevasculartree bythrombosis.5 19 Therefore these
workers advocate that the early therapy be directed toward the rapid
restoration of blood flow to the injured part and the prevention of intra-
vascular clotting. Sympathectomy is one of the available methods of
increasing the circulation to an extremity.
Lake13 reported several experiments in humanvolunteers in which a
frozen area of skin was denervated by a field block after freezing. Sub-
sequent blistering and necrosis were absent or reduced when compared
with a control area. Crismon and Fuhrman3 have recently studied this
problem in rabbits. They found that a stellate ganglion block delayed
the development of stasis in the frostbitten ear on that side, but had no
effect on the final outcome except to postpone the appearance of gan-
grene by about 24 hours. The experiments of these authors with rapid
thawing8 and pressure dressings on plaster casts4 suggest that stasis and
edema play some part, at least, in the production of tissue damage. It is
desirable that this work be repeated using sympathetic ganglionectomy
or alcohol blocks so that it can be determined whether more prolonged
sympathetic interruption will improve the results. Clinical reports on
the use of early sympathetic blocks, made principally by French
authors",5' B, 7, 14, 15, 20, 22 suggest that this therapy may be very effica-
cious. However, more experience is desirable in settling this question
because the treatment in the reported cases has often been delayed too
long after the injury, when gangrene was already evident.
While the results of our experiments suggest that sympathectomy is
not harmful in the early treatment of frostbite, no definite conclusions
can be reached. Since in two of three dogs the sympathectomized feet
frozen at-15'C. resisted freezing longer than did the controls, it is pos-
sible that those exposed at -30°C. did not receive equally severe cold
injuries, although as well as could be discerned, both the denervated and
the normal feet solidified at the same instant. To be convincing, a per-
sistent unilateral sympathetic interruption should be performed after
both feet are frostbitten and the end results compared. There has been
no report in the literature of such an experiment. It is our plan to carry
outsuch studies as well as to repeat, in aspeciespossessinggreater innate
vascular tonus, theexperiments reported.
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Summary and conclusions
Our knowledge of the role of the sympathetic nervous system in the
reaction of an extremity to cold has been reviewed and the response of
the sympathetically denervated extremity to severe cold has been studied
in the dog. It was observed that sympathectomy does not increase the
susceptibility of an extremity to frostbite or influence adversely the end
results of frostbite. Suggestive evidence was obtained indicating that the
sympathetically denervated extremity may possess some added protec-
tion against mild frostbite. The conditions of the experiment precluded
deductions concerning the influence of immediate sympathetic inter-
ruption in the treatment of frostbite beyond the belief that it would not
be harmful.
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